A local gyrokinetic Vlasov simulation code GKV is extended to incorporate realistic tokamak equilibria including up-down asymmetry, which are produced by a free-boundary 2D Grad-Shafranov equation solver MEUDAS. By using a newly developed interface code IGS, two dimensional rectangular equilibrium data from MEUDAS is converted to straight-field-line flux coordinates such as Hamada, Boozer, and axisymmetric coordinates, which are useful for gyrokinetic micro-instability and turbulent transport analyses. The developed codes have been verified by a cross-code benchmark test using Cyclone-base-case like MHD equilibrium, where good agreement in the dispersion relation of ion temperature gradient (ITG) driven mode has been confirmed. The extended GKV is applied to two types of shaped plasmas expected in JT-60SA tokamak devices, i.e., ITER-like and highly-shaped plasmas, and ITG-mode stability and residual zonal-flow level are investigated. Through the detailed comparisons, more favorable stability properties against the ITG mode are revealed for the highly-shaped case, where the lower ITG-mode growth rate and higher residual zonal-flow levels compared to the ITER-like case are identified.
Introduction
Turbulent transport of heat, particle, and momentum is a dominant transport channel in magnetically confined plasmas [1] . Understanding physics behind the turbulent transport and predicting quantitatively the resultant transport levels are, thus, important issues for the establishment of self-ignited steady burning plasmas in future fusion devices such as ITER and DEMO reactors. To this end, ion temperature gradient (ITG) driven turbulence, which is expected as one of the main causes of ion heat transport, has extensively been studied by means of gyrokinetic simulations [e.g., see Ref. [2] ]. A number of important results on the ITG turbulent transport processes have been obtained so far, and the ion heat transport suppression by nonlinearly generated zonal flows is one of the most important findings [3, 4] . In particular, local fluxtube gyrokinetic model [5] , which is utilized for investigation of local micro-instabilities, fine-scale turbulence structures and the related transport levels and mechanisms, is nowadays a fundamental tool not only for theoretical studies, but also for experimental analyses.
In view of turbulence control, the plasma shaping is an effective method to improve the confinement performance in tokamaks. In addition to MHD stability, microauthor's e-mail: nakata.motoki@jaea.go.jp instabilities, turbulent transport, and zonal-flow properties can be strongly affected by the plasma shape, such as elongation, triangularity and up-down asymmetry, through the change of the linear frequencies, mode-structures, and trapped/passing guiding-center orbits. There are some earlier works looking into shaping effects on microinstabilities and turbulent transport. Miller's analytic local equilibrium model [6] is widely used in the local fluxtube model, then the fundamental dependencies with respect to the elongation and triangularity parameters have been investigated [7] [8] [9] . The impact of negative triangularity on electron heat transport has also been investigated by using both global and local turbulence simulations [10, 11] , where the change of electron precession drifts leads to the stabilization of trapped electron modes (TEM). Many efforts have also been devoted for the crosscode benchmark [12] and validation against experimental observations [13, 14] .
The plasma shaping can also affect the zonal-flow dynamics. Especially, an extension of linear zonal-flow theory [15] has revealed that the residual zonal-flow level is enhanced due to the plasma elongation [16] . The residual zonal-flow theory including the plasma shaping has also been applied to gyrofluid simulations [17] based on kinetic closure model [18] .
In our previous studies [19, 20] using a local fluxtube gyrokinetic Vlasov code GKV [21] , a critical role of zonal flows leading to successive nonlinear entropy transfer processes in the regulated ITG turbulent transport has been elucidated, where a simple concentric circular tokamak geometry was considered. In this study, a realistic tokamak equilibrium calculated by a free-boundary 2D GradShafranov equation solver MEUDAS [22] is newly incorporated to GKV using an interface code IGS, in order to extend the linear and nonlinear analyses to the tokamak experimental conditions. The extension is also indispensable for the quantitative validation against experimental results and for the prediction studies towards future fusion devices. By using the extended code, linear gyrokinetic simulations are performed for two types of equilibria, i.e., ITER-like and highly-shaped cases, which are expected in JT-60SA tokamak device, where the MHD stability has already been well investigated [23] . Then, the ITG-mode stability and the residual zonal-flow levels are compared in detail. These linear results provide one with fundamental insights for the later nonlinear gyrokinetic simulation studies towards JT-60SA and ITER. The rest of the paper is organized as follows. In Sec. 2, the interface code IGS is presented, as well as some basic introductions to flux coordinate systems. Then, calculation model in GKV and verification results are given in Sec. 3. In Sec. 4, linear simulation results on ITG-mode stability and residual zonal flows for JT-60SA plasmas are presented. Finally, the summary is given in Sec. 5.
Realistic Tokamak Geometry
All the flux coordinates considered here are constructed by 2D data obtained from a free-boundary GradShafranov equation solver MEUDAS [22] , where general up-down asymmetric tokamak equilibria with the divertor legs are calculated consistently with the realistic external coil configurations. The interface code connecting the flux coordinates to the fluxtube one used in local gyrokinetic simulations is briefly presented in this section.
Magnetic field representation
General expressions for the magnetic field B and the current density j, as well as the ideal MHD force balance relation, in a flux coordinate system (ρ, θ, ζ) are given by [24] 
where ρ is the radial coordinate representing a magnetic flux surface, and θ and ζ are the poloidal-and toroidalangle coordinates, respectively. The prime symbol means the ρ-derivative: X = dX(ρ)/dρ, and c denotes the speed of light. In addition to the contravariant representation for B as in Eq. (1), the covariant one is shown in Eq. (2). The toroidal magnetic flux, the poloidal one, and the toroidal current inside the magnetic flux surface ρ are denoted by 2πΦ, 2πΨ and 2πI, respectively, while 2πJ represents the poloidal current outside ρ. Ensuring physical singlevaluedness for B and j, the quantitiesα(ρ, θ, ζ),β(ρ, θ, ζ), andγ(ρ, θ, ζ) must be doubly periodic functions with respect to θ and ζ. It should be noted that Eqs. (1) - (4) are of invariance under the following transformation,
where g and h are arbitrary flux functions depending only on ρ, and note thatβ andγ should be simultaneously transformed by h. The Jacobian √ g ρθζ and the flux-surface-
where V (ρ) is the radial derivative of the plasma volume at ρ. Solvability constraints of the magnetic differential equations, i.e., B · ∇γ = 0 and B · ∇β = 0 in Eqs. (1), (2) and (4), provide one with
where q(ρ) = Φ /Ψ denotes the safety factor profile. Although the above relations are consequence of general discussions, irrespective of the choice of (ρ, θ, ζ), one can construct more specific coordinate systems, which are useful for theoretical and/or numerical analyses. Following Pustovitov's method [25] , the most important three fluxcoordinate systems, i.e., Hamada, Boozer, and axisymmetric (or natural) coordinates, are classified systematically.
First, from the definition of the flux-surface average [Eq. (9) ], one finds that the Jacobian can be written by an arbitrary function f = f (ρ, θ, ζ),
Note that the physical dimension of f is irrelevant in the above definition, and this is significant feature to define various coordinates in the same manner. The above relation is applied to Eq. (1), then we find
Equations (14) and (15) are coupled equations with respect to four variables,α, f (or √ g ρθζ ), θ, and ζ, for given magnetic field B and the radial coordinate ρ. When any two of them are given, one can obtain the corresponding flux coordinate system determined by Eqs. (14) and (15) . Then, Hamada, Boozer, and the axisymmetric coordinates are classified as follows: 
where G is determined by the following magnetic differential equation,
For instance, G(ρ, θ B , ζ B ) giving the transformation from Hamada to Boozer coordinates is
Numerical constructions of SFL flux coordinates
The free-boundary Grad-Shafranov equation solver MEUDAS provides one with 2D data of Ψ (R, Z) for given p(Ψ ) and J(Ψ ). These fundamental data are, then, input to a newly developed interface code IGS, which produces Hamada, Boozer, and the axisymmetric coordinates numerically. The basic idea in IGS is similar to that in Ref. [26] . In addition to the original data format in MEU-DAS, IGS can also treat the G-EQDSK format which is widely used in the fusion physics field. The radial coordinate is chosen as ρ = (Ψ/Ψ edge ) 1/2 or ρ = (Φ/Φ edge ) 1/2 , where Ψ edge and Φ edge are the poloidal and toroidal magnetic fluxes at the plasma edge, respectively. In IGS, the cubic-spline interpolation is applied to the 2D rectangular data of Ψ (R, Z). Then, the axisymmetric coordi-
is the arc-length element on the poloidal cross section. After that, Hamada and Boozer coordinates,
The covariant metric tensor, g i j is calculated by the following relation:
where (u i , u j ) = {ρ, θ, ζ} (the coordinates label A, B, and H are omitted). The determinant of g i j gives the Jacobian √ g ρθζ = det(g i j ) 1/2 , and the contravariant metric tensor g i j is calculated by
where {i, j, k} and {l, m, n} are the even permutations of {ρ, θ, ζ}.
The examples of constructed flux coordinates are shown in Fig. 1 . Here, the Solov'ev analytic equilibrium with up-down asymmetry is considered:
whereR andZ are the positions normalized by the major radius on the magnetic axis R ax , and a = a/R ax , E, D, and, ν asym are shape parameters related to the inverse aspect ratio, elongation, triangularity, and up-down asymmetry, respectively. One finds that the iso-angle surfaces of θ in Hamada coordinates are less deformed in comparison with those in Boozer and the axisymmetric ones. Instead, in the non-axisymmetric systems, Hamada coordinates show relatively strong deformation of iso-angle surfaces of ζ which leads to the spectral broadening on B in the toroidal mode numbers [24] . A numerical accuracy of the constructed flux coordinates is verified by comparisons with the analytic expression. Figure 2 shows the absolute errors indicating the deviation from the following analytic relations,
where ρ = (Ψ/Ψ edge ) 1/2 is considered here. One can see that all the constructed flux coordinates indicate the numerical accuracy up to ∼ 10 −8 . Besides, the consistency among the metric tensor and magnetic field components, e.g., B θ = B θ g θθ + B ζ g ζθ , have been confirmed in IGS.
Local fluxtube coordinate system
Local fluxtube coordinates (x, y, z) used in gyrokinetic simulations are based on the SFL flux coordinates. The definition of each coordinate is given as
where (ρ, θ, ζ) are arbitrary SFL flux coordinates, and c x , c y , and ρ 0 are the normalization factors and the reference radial position, respectively. Using the above definitions, the magnetic field B is written as
The partial-derivative operators with respect to x, y, and z are given by
whereŝ = ρq /q denotes the magnetic shear. Note that ∂/∂y = 0 for axisymmetric plasmas with ∂/∂ζ = 0. One can also obtain the contravariant metric tensor and the Jacobian as follows:
The wavenumber vector perpendicular to the magnetic field and the differential operator along the field line are defined by
where b is the unit vector parallel to the magnetic field.
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As will be shown in Sec. 3, the radial coordinate of ρ = (Φ/Φ edge ) 1/2 and c x = a, c y = aρ 0 /q(ρ 0 ), c B = B ax are basically used in GKV, where B ax denotes the magnetic field intensity on the magnetic axis of ρ = 0, and the plasma minor radius is defined by a = (2Φ edge /B ax ) 1/2 . Note that, in the local fluxtube formulation shown below, all the normalized quantities and operators do not depend explicitly on the plasma minor radius a, but on the inverse aspect ratio a . Although IGS gives us the complete metric information of realistic equilibria from MEUDAS, the analytic geometry model is still useful to subtract the shaping effects. The analytic expression of the concentric circular equilibrium model and the simplified s−α one are summarized in Appendix B.
Local Gyrokinetic Vlasov Simulation Code GKV
In this section, we present the simulation model implemented in GKV, as well as the verification and benchmark test with realistic geometry from the MHD equilibrium solver.
Calculation model
Calculation model in GKV is briefly summarized below including electromagnetic effects. One can also find the implementation of VMEC equilibria for 3-dimensional helical/stellalator plasmas in Ref. [27] . The wavenumber-space representation of electromagnetic gyrokinetic Vlasov equation for the particle species of s is given by
where δh sk ⊥ = δh sk ⊥ (z, , μ) stands for the non-adiabatic part of the gyrocenter perturbed distribution function δ f
and m s , e s , T s , and Ω s = e s B/m s c are the particle mass, the electric charge, the equilibrium temperature, and the gyrofrequency, respectively. The parallel velocity and the magnetic moment μ are used as the velocity-space coordinates, where μ is defined by μ ≡ m s 2 ⊥ /2B with the perpendicular velocity ⊥ . The potential fluctuations averaged over the gyrophase are denoted by
, where J 0 is the zeroth-order Bessel function, and the former and latter terms mean the electrostatic and electromagnetic parts. Since we often focus on the finite but low-β plasmas, the parallel magnetic field fluctuation δB k ⊥ is ignored here. The equilibrium part of the distribution function is given by the local Maxwellian distribution, i.e., The magnetic and diamagnetic drift frequencies, ω Ds and ω * T s , are given by
where
The geometric coefficients K x and K y are defined as follows:
The electromagnetic potential fluctuations are determined by the Poisson-Ampère equations:
where λ D = ( s 4πn s e 2 s /T s ) −1/2 is the Debye length. Note that, in the adiabatic electron limit with k ⊥ ρ te 1, the gyrocenter perturbed distribution for electrons is approximated by d δ f
−en e (δφ k ⊥ − δφ k ⊥ z δ k y ,0 )/T e , where ρ ts = m s c ts /|e s |B ax means the gyroradius evaluated with the thermal speed ts = (T s /m s ) 1/2 , and the field-line average is defined by 
Code verification and benchmark test
The implementation of realistic MHD equilibria on GKV is verified by the benchmark test with other gyrokinetic codes, GENE [30] , GS2 [31] , and GKW [32] . In this benchmark test, the same geometry data for Cyclonebase-case like MHD equilibrium from an MHD solver CHEASE [33] , which is used in Ref. [34] , is also applied to GKV. The fluxtube geometry on the axisymmetric coordinates with ρ = (Ψ/Ψ edge ) 1/2 is considered here. The growth rate and the real frequency of electrostatic ITG modes with the adiabatic electrons are compared in Fig. 3 , where the detailed physical parameters are shown in Ref. [34] . In addition to the realistic MHD equilibrium, the results with analytic s−α models are also compared. The implementation of the realistic MHD geometry to GKV and IGS has successfully been verified with good agreement in the dispersion relation of the ITG-mode.
Linear Gyrokinetic Analyses with JT-60SA Tokamak Equilibria
The extended GKV with IGS is applied to linear stability and residual zonal-flow analyses for the typical plasmas expected in JT-60SA tokamak device. Table 1 . The highly-shaped plasma shows higher plasma current I p , normalized-β β N , elongation κ, and triangularity δ. Besides, the global shaping factor S = q 95 I p /B ax a is 1.45 times larger than that in the ITER-like plasma, where q 95 = q(ρ = 0.95). Note also that the highly-shaped plasma is almost up-down symmetric (κ Ref. [23] , where the ballooning stability diagrams for both the above ITER-like and highly-shaped plasmas have been identified. In the following, the electrostatic ITG-mode stability and the residual zonal-flow levels are examined, where gyrokinetic ions and adiabatic electrons are considered. The fluxtube geometry on Boozer coordinates with ρ = (Φ/Φ edge ) 1/2 is used, and we look into three different radial positions, i.e., ρ = {0.30, 0.50, 0.75}, which correspond to different flux-surface shapes. In order to focus on the impact of local shaping effects on the ITG-mode stability, the normalized density and temperature gradient parame- 
ITER-like and highly-shaped plasmas

Structures along confinement magnetic field
Comparisons of the confinement field and linear advection operators, which are closely associated with the ITG-mode stability, are first presented in this section. In Fig. 6 , the magnetic field intensity B, the drift frequency ω Ds , and the squared perpendicular wavenumber k ρ = 0.75 is shown in Fig. 7 , where the circular cases are also plotted for the ITER-like plasma. As compared with the circular cases with the sinusoidal boundary shapes, the narrower trapped region with sharper boundaries is found. Also, the trapped region becomes slightly wider for the highly-shaped case, and these features indicate an impact on the trapped-electron mode (TEM) stability.
Comparison of ITG-mode stability
In this section, we make detailed comparisons on the ITG-mode stability between the ITER-like and highlyshaped equilibria. The linear growth rate γ ITG and the real frequency ω r are shown in Fig. 8 , where the corresponding circular cases are also plotted for comparisons. In the ITER-like case [ Fig. 8 (a) ], we see that, for ρ = 0.30 and ρ = 0.50, the maximum growth rate is similar to that in the circular case, while the profiles are shifted to the higher-k y region. The up-shift of γ ITG -profile is more significant for ρ = 0.75, where the maximum growth rate also increases as compared to the circular case. The real frequency ω r also shows the up-shift feature with increasing ρ. The similar qualitative features on the spectral up-shift of γ ITG and ω r are also identified for the highly-shaped case [ Fig. 8 (b) ], whereas the magnitude of the growth rate is lower than that in the ITER-like case for all three radial positions. Since the low-wavenumber modes around k y ρ ti ∼ 0.5 are, in general, considered to make dominant contributions to the ITG-driven turbulent transport, the stabilization in the lower-k y region are expected to reduce the transport levels.
A qualitative explanation on the physical mechanism leading to relatively lower growth rate in the highly-shaped case is given as follows. By considering a fluid limit ignoring the wave-particle resonance and finite gyroradius effects, the ITG-mode growth rate is evaluated by due to the shaping effect are, thus, responsible for the decrease of γ ITG . Actually, for ω D i < 0, the magnitude of
ti ) in the highly-shaped case is lower than that in the ITER-like one for all three radial positions.
In Fig. 9 , linear eigenmode structures along the field lines are compared, where the eigenmodes giving the maximum growth rate are plotted. Reflecting the different structures of B, ω Ds , and k 2 ⊥ shown in Fig. 6 , the deviation of the eigenmode profile from the circular case becomes larger as ρ increases. One also finds that the highly-shaped case indicates more strongly localized peak near θ ∼ 0, as compared with the ITER-like (and also circular) case.
Comparison of linear zonal-flow dynamics
Finally, we present the comparisons of linear zonalflow evolutions in this section. Figure 10 shows time evolutions in the linear zonal-flow damping and the radialwavenumber (k x ρ ti ) dependence of the residual zonal-flow levels for ρ = 0.30, ρ = 0.50, and ρ = 0.75, where the circular cases are also plotted for the ITER-like cases. We see that the geodesic acoustic mode (GAM) frequency does the radial wavenumber dependencies of the residual zonal-flow level evaluated at t = 70, where "R-H" shows the analytic circular result of (1 + 1.6q 2 / 1/2 ) −1 [15] . The higher residual zonal-flow level is confirmed in the highly-shaped case for all three radial positions.
not change much in all the cases, while the residual zonalflow levels are enhanced as the shaping effects become more significant [ Figs. 10 (a) -10(c) ], i.e., "circular case" < "ITER-like case" < "highly-shaped case", and "inner side (ρ = 0.30)" < "mid-radius (ρ = 0.50)"< "outer side (ρ = 0.75)". Particularly, for k x ρ ti = 0.1 which is a typical wavenumber for nonlinearly generated zonal flows in the ITG turbulence, approximately 2 times higher residual level is identified in the highly-shaped case.
Another important finding is difference in the radial wavenumber dependence of the residual level [Figs. 10 (d) -10(f)]. As derived in Ref. [15] , the k x -dependence of the residual zonal-flow level in circular tokamaks appears only in the higher order in . Indeed, such weak k x -dependence is confirmed in the present numerical simulations with the circular equilibrium. In contrast, the strong k x -dependence of the residual levels is revealed for both the ITER-like and highly-shaped cases, where almost linear dependencies with −0.08k x for ρ = 0.30 and ρ = 0.50, and with −0.16k x for ρ = 0.75 are identified for k x ρ ti > 0.5.
Summary
Realistic tokamak geometries have been successfully implemented to a local fluxtube gyrokinetic Vlasov code GKV, by using a newly developed interface code IGS which can construct straight-field-line flux coordinates systems from MHD equilibria produced by a freeboundary 2D Grad-Shafranov equation solver MEUDAS. The accuracy of the flux coordinates, i.e., the axisymmetric, Boozer, and Hamada, constructed by IGS has been verified with the analytic Solov'ev equilibrium model. As another verification of GKV with IGS, cross-code benchmark test has been carried out by using Cyclone-base-case like MHD equilibrium, and good agreement in the dispersion relation of ITG-mode are confirmed.
By using the extended GKV, the ITG-mode stability and linear zonal-flow dynamics are investigated for two types of shaped plasmas expected in JT-60SA tokamak device, i.e., ITER-like and highly-shaped plasmas in which the MHD stability has been well examined. The detailed comparisons including the conventional circular equilibrium reveal that both the ITER-like and highly-shaped cases show the up-shift of γ ITG -and ω r -profiles to the higher-k y region in comparison with the circular cases. The maximum growth rate is similar to or less than the circular case for the inner sides of plasma (ρ = 0.30 and ρ = 0.50), while the outer side with ρ = 0.75 show the higher maximum growth rate at higher k y . It is also found that, when the ITER-like and highly-shaped cases are compared, the latter case shows relatively lower growth rate for all the radial positions examined here, where the maximum growing eigenmode structure around θ ∼ 0 becomes sharper. Linear zonal-flow damping simulations clarify that the residual level is significantly enhanced by the shaping effects, and the radial wavenumber dependence becomes stronger in both the ITER-like and the highly-shaped cases.
From these analyses, it is expected that the highlyshaped equilibrium shows less ITG-driven turbulent transport than that in the ITER-like one, due to the reduction of the ITG-mode growth rate and the enhancement of residual zonal-flow levels. It should be noted that since the actual zonal-flow generation in ITG turbulence also depends on the turbulence intensity, which is well correlated to γ ITG /k 2 ⊥ [35, 36] , the reduction of the ITG-mode growth rate can also decrease the source of zonal flows. However, the enhancement ratio of the residual zonal-flow level from the ITER-like to highly-shaped cases exceeds the reduction ratio of the ITG-mode growth rate. The detailed comparisons on the nonlinear zonal-flow generations and turbulent transport levels are demanded in a future work, and will be reported elsewhere.
From Eqs. (1), (2), (4), (11) , and (12), one finds
The Eq. (A.12) is the necessary and sufficient condition for Boozer coordinates, but one can always set h(ρ) in Eq. (7) such thatγ * B = 0. The covariant components of B are, then, given as 
(A. 16) In Boozer coordinates, only the magnetic field line becomes straight on the flux surface, but the covariant components of B are simplified. This feature is advantageous to solve numerically the guiding-center equations of motion.
A.3 Axisymmetric coordinates (α
In contrast to Hamada and Boozer ones, the axisymmetric coordinates show the finite B · ∇β A and B · ∇γ A . It is, however, noted that when the poloidal magnetic field strength B pol = Ψ |∇ρ|R −1 is negligibly small, the axisymmetric coordinates coincide with Boozer one, i.e.,
. The covariant components of B are given as In the axisymmetric coordinates, only B ζ and j θ are simplified, i.e., B ζ = B ζ (ρ) and j θ = j θ (ρ), and this coordinates are widely used for theoretical and numerical analyses of tokamak plasmas.
Appendix B. Metric Components for Circular and s-α Models
Analytic expressions of the concentric circular equilibrium and the simplified s−α one are summarized here. The detailed descriptions are shown in Ref. [34] . 
B.1 Concentric circular equilibrium
